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Correlation of the Aqueous Solubility of Hydrocarbons and Halogenated
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The aqueous solubilities of a set of 109 hydrocarbons and 132 halogenated hydrocarbons (total 241) are
correlated by a three term equation using descriptors calculated solely from molecular structure, with a
correlation coefficientR) of 0.979 and a standard erra) ©f 0.386 log units. This equation allows the
estimation of aqueous solubilities of hydrocarbons and halogenated hydrocarbons (including polychlorinated
biphenyls). The key descriptor is the molecular volume, modified by topological and electrostatic terms.
The use of descriptors calculated only from molecular structure eliminates the need for experimental
determination of properties for use in the correlation and allows for the estimation of aqueous solubility for
molecules not yet synthesized or isolated.

INTRODUCTION to be available and are not applicable for compounds not
yet synthesized or isolated; (ii) group contributions derived
from measured agueous solubility, but these fail to account
for the presence of neighboring groups or conformational
influences; and (iii) parameters calculated only from mo-
lecular structure, such as molecular surface area, molecular
volume, and topological indices, which is the most general
approach.

Several related but distinct parameters have been com-
monly used to measure aqueous solubility. Solubilities of
gases and vapors are expressed in terms of the dimensionless

The aqueous solubility of organic compounds is an
important molecular property, playing a large role in the
behavior of compounds in many areas of interest. In
modeling the environmental impact of a contaminant, along
with the soil-water absorption coefficient, the solubility is a
key term in the understanding of transport mechanisms and
distribution in groundwater. Given the importance of
solubility, a means of prediction based solely on molecular
structure should prove a useful tool, as many compounds
\7)/(;15;652; Z\vglg::e:gle eéglelljtibcllrlltywsglr:jplge sz ?r?et: gr\giltzzlteﬂseosmald solubility coefficient I(,,), defined as the ratio

the present studv is limited to hvdrocarbons and halo enateolbetween the concentration of the solute in solution and the
P y Y 9 concentration of the solute in the gas phasethe Henry’s

hydrocarbons which were expected to be advantageous in ; ; " -
g T i Lo e Law constant, essentially an air/water partition coefficient,
obtaining a significant correlation, as the elimination of . . o
) el . ; which has units of pressufe.Solubilities of liquids and
compounds that will undergo specific interactions with water, : : o .
such as hvdrogen bondina. simplifies the nature of the solids are described by the solubilit®.j, defined as the
yarog 9 P concentration (in units of moles or weight of solute per

interactions that must be accounted for. Our study still . ) :
) . ; weight or volume of solution) of solute in the aqueous phase,
covers a diverse and important group of possible compounds o ;
at equilibrium with a pure solute phase.

of great significance for better understanding the environ- A lubilit ; . ds h
mental impact, because these types of compounds are often queous solubriities %) for organic compounds have
been predicted using models that fall into the three ap-

the most long-lived of environmental contaminants due to : .
their comparatively low level of biodegradability when proaches m(_annoned above, and we now summarize some
compared to oxygen or nitrogen containing compounds. of the most important. There are several exgmples .of'the
. o use of other physical property measurements in predictions
Many different approaches to the prediction of aqueous of type i. Yalkowsky et al. used melting point (mp) and

f(OIIlIJ(b'“tykcan l:éeé‘ound_ '2 t?ﬁ literature, ashsummartl)zed tzy either molecular surface area (MSA) or octanol/water parti-
alkowsky an an.erje - [NESE approaches can be cal- 4, cqefficient for predictingS, for polycyclic aromatic
egonze_d as fOHO\.NS' (i) (_:orrelatlong_wnh expenmenta_ll_y hydrocarborsand halobenzenésThese authors suggested
deter_m_med physmochemlqal quantities such as partition o+ the melting point term accounted for the lattice energy
cogfﬂment_, chromatographic retention time, meltlng point, breaking apart a solid so that it could be solvated.
bailing point, mqlar volume (de'rlved from liquid depsﬂy), Dunnivant et af used mp, MSA, and a topological descriptor
or parachor (derived from density and surface tension), bu'[for predicting S, for polychlorinated biphenyls (PCBS).

these require a sufficient quantity of the purified compound Amidon et al’ used MSA for predicting, for a wide range
T ; of structures. Kamlet et 8lused a linear solvation energy
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Table 1. Examples of Previous QSPR Studies for Prediction of Aqueous Solability

N no. of correlation  descriptor
HC Ar XHC PCB OHC outlier R? s descriptors type class ref
22 22 0.984 0.165 3 i GP 6
8 16 91 115 0.992 0.126 3 i GP 8
33 19 18 70 0.983 0.216 3 i GP 8
32 32 0.976 0.271 2 i GP 4
32 32 0.979 0.251 2 i P 4
35 35 0.994 0.116 2 i GP 5
9 14 20 9 14 66 u ii u 9
18 18 0.977 0.165 ii G 7
0 331 0.965 0.299 18 iii CTGEQ 10
69 21 75 2 91 42 258 0.937 0.374 9 iii TGE 11
69 22 32 91 0.978 0.168 9 iii CTGE 11
76 3 1 79 0.975 0.180 9 iii CTGE 11
92 5 92 0.975 0.167 9 iii CTGE 11
58 10 22 15 18 4 123 0.980 0.277 9 iii CTGE 12
58 10 22 18 19 107 0.974 0.201 9 iii CTGE 12
17 78 0 95 0.952 0.347 3 iii CT 13
17 78 50 0 145 0.926 0.318 5 iii CT 13
66 45 104 35 9 241 0.959 0.386 3 iii TGE this study

a Structure subclasses are aliphatic hydrocarbons (HC), aromatic hydrocarbons (Ar), halogenated hydrocarbons (XHC), polychlorinated biphenyls
(PCB), and oxygen and nitrogen containing compounds (OHC). Descriptor types used include constitutional (C), topological (T), geometrical (G),
electrostatic (E), quantum-chemical (Q), and physical property based (P). The UNIFAC approach is denoted (U).

type ii using the UNIFAC method has been developed by —logL,, = (2.82+ 0.22)+ (41.61+ 1.11)HDCA2+
Kan and Tomsohfor predicting bothS, and solubilities in _ _
organic solvents. With regard to approachSii,predictions (0.71:£0.02)o + 2Ny) — (0.17:£ 0.02)Bri0m0
have been made by several groups, using descriptors Epumo) + (0.134 0.01)PCWT + (0.794 0.06)N,;,
calculated only from molecular structure. Bodor and Hua- 2
ngt® investigated a large 331 molecule set containing

halogenated and oxygenated hydrocarbons, and used 18 RP=0.9407, F=1269, s=0.73, N=406
descriptors of various types to arrive at a low standard error )
of 0.299. Nelson and Jurs (11) investigated an equally Surface areao andNy are counts of oxygen and nitrogen

diverse set of 238 molecules, and with 9 descriptors achieved©MSE+omo — Eruwo iS the energy gap between the HOMO
very low standard errors for sets of molecules broken down @nd the LUMO, PCWTis the most negative partial charge
into classes by composition (hydrocarbons, halogenatedWeighted topological electronic index, arfings is the
hydrocarbons, ethers, and alcohols). Sutter andZaiso number of rings.

used 9 descriptors to achieve a standard error of 0.277 fora In the present study we demonstrate that the aqueous
diverse set of 123 molecules. Nirmalakhandan and Speece solubilities &) of hydrocarbons and halogenated hydrocar-
developed an approach using molecular connectivity indicesbons can be estimated with a multiple linear regression using
combined with a modified polarizability, where the polar- just three geometrical, topological, and constitutional de-
izability term was calculated by a group contribution method, Scriptors. Itis important to produce regressions with as few
different for each set of compounds studied. These studiesParameters as possible, so that the contribution of each
are summarized in Table 1. It should be noted that no effort descriptor may be interpreted more clearly. Topological
is made in any of these studies to estimate the experimentaidescriptors have proven useful for the prediction of many
error of the solubility values used, as no multiple values were properties and activities, as described by Kier and Héfl.
considered. This is important, as it makes no sense to createl he three descriptors necessary for a good fit to the available
a correlation with a smaller standard error than the experi- Solubility data can all be calculated from the molecular

mental error. structure directly, requiring no measurements of physical
Our group previously correlatdd,, the Ostwald solubility ~ Properties of the compounds to be investigated.
coefficient, for gas solubilities of 95 diverse hydrocarbons METHODS

in water with two parameters (eq 1), whe@ s the Computational Methods. The quantitative structure

—log L,, = —(1.37+ 0.06)+ (0.0067+ 0.0001)5, — property relationships were developed using CODESSA.
This program performs the calculation of descriptors and
(0.050+ 0-0015)(:'0 @ searches for the best multiple linear relationships between
RR=009765 F=1988. s=045 N=095 calculated descriptors and experimental property data, as
’ ' ’ described in previous pape¥¥. Briefly, the three-dimen-
gravitation index anéCIC is the complementary information  sional molecular structures of the molecules were drawn and
content For the aqueous solubilitie.() of the vapors of preoptimized using a molecular-mechanics based prodgtam.
a group of 406 diverse organic compounds (including Quantum chemical parameters derived from AM1 molecular
structures containing N, O, S, and halogen atoms), we derivedorbitals were calculated using MOPAC 60a standard
the five parameter equation (eq 2), where HDCAZ2 is the semiempirical quantum-chemical code. The MOPAC output
partial charge weighted normalized hydrogen bonding donor files were supplied to CODESSA to calculate five types of
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molecular descriptors: constitutional, topological, geometri- This equation is equivalent to the standard equation for the
cal, electrostatic, and quantum-chemitdl. A total of 404 calculation of variances{), where the sums of differences
descriptors were generated for each molecule. The numbebetween the solubilities of each molecul§;X and the
of descriptors to be used in the search for optimal correlationsaverage of reported solubilitiesS() for each molecule
was reduced by eliminating highly correlated descriptors, simplifies to the difference between the two reported
descriptors that are defined for only a subset of the molecules,solubility values §1 — S ). With application of eq 3, the
and descriptors that individually correlate poorly with the estimated experimental erras) (s a minimum of 0.16 log
solubility. With those remaining, the best multiple linear units. The actual error in the data set may be significantly
regressions were identified. larger than this value, as the set of 65 values is inherently
Data Sources. The aqueous solubility data in the present biased, by generally including only measurements of com-
study (Table 2) was compiled from several literature sources. pounds that are more readily available. The error inShe
Several previous studies compiled large sets of measuresmeasurements for some of the more unusual compounds with
ments?1220 We tracked most of thes8, values back to  only one published measurement available would be expected
the original references and added several additional originalto be larger, as additional error due to the synthesis and
references, covering aliphatic and aromatic hydrocarBoffs,  purification of these compounds could be expected. That

halogenated hydrocarbdré2> and PCB$:%5%6 For mea- this is true is suggested by comparing the differences in
surements published before 1960, two studies were used thameasured values where two measurements are available. The
tabulated original measurements from many SOUfG&A largest differences are for less usual compounds, while

summary ofS, measurements for all compounds derived common alkanes and such solvents as benzene and toluene
from these sources is listed in Table 2. Values used werehave very small relative differences between measurements.
reported for 25°C and 1 atm pressure. For cases where
multiple solubility values were available, the average was ,RESU,LTS AND DISC,USSION

Best Multiple Linear Regression. The CODESSA

used to generate the regression coefficients. o '
No solubilities were used for compounds that exist as gasesprogram was used to analyze the solubilities a_nd dv_ascrlptor
| values for 241 molecular structures, as described in Com-

under the conditions of measurement. This eliminated al i . . :
putational Methods and in previous effofts. Selective

hydrocarbons with fewer than five carbons, 2,2-dimethyl- iminati f the 404 lable d : ited |
propane, and several one and two carbon halogenateoe Imination of the available descriptors resulted in 185
remaining descriptors, which were used to identify a three

hydrocarbons. The treatment of the solubility of gases in ‘on that fit th lubility d I Th
water in terms of5, is influenced by different intermolecular term regression that fit the aqueous solubility data well. The
use of more descriptors resulted in higher correlation

forces, as the cohesive energy of the liquid is not accounted o . .
coefficients, but loweF statistic values, suggesting that the

for;2 constrasiL,, and see discussion above. - : o .
additional descriptors were not contributing to improve the

Estimation of Error in Literature Values. A regression fit to the actual property but rather to the error in the
developed from measured property values is limited by the . o .
P property y dneasurements. In eq 45, is the solubility (moles/liter),

accuracy of the experimental measurements that are bein
used. Knowledge of the experimental error of the solubility
measurements is important to this work, because attempts log §, = —(0.13+ 0.11)+ (0.0437+ 0.0007)MV—
to create regression equations with a variance smaller than  (0.258+ 0.0315)BIC + (0.0523+ 0.0047)PNSA (4)
the experimental variance would be misleading. Such
regressions may be making predictions for some systematic R =0.959, F=1861, s=0.386, N=241
error in the measurement techniques. The magnitude of the
error in Sy is difficult to determine, as measurements are MV is the molecular volume (A, °BIC is the structural
often reported in the literature without an error estimate. Even information content of Oth order, and PNSA is the atomic
with published error estimates, the variation between researchcharge weighted partial negative surface area. The statistical
groups can be significantly larger. For many substances,terms are the correlation coefficienR)( F statistic ),
only a single reported value can be found in the literature, standard errorg}, and the number of molecules used to
so calculating the variance between a number of independentalculate the regressiom). It was observed that certain
measurements is not possible. structures were outliers in several simple one and two
Of the 250 structures listed in Table 2, 65 had solubility descriptor regressions, having a large difference between their
data measured by more than one researcher. From thecalculated and experimental solubility values. Nine struc-
differences in these measurements, some insight into thetures (3.6% of the data set) were removed as indicated in
experimental error may be gained. The standard deviationTable 2. A possible reason for the problems with these
of the data set may be estimated, given the following compounds may simply be that the measured values in the
assumptions. We assume that there is no systematic errofiterature are not accurate, as multiple measurements are not
between the different researchers and the different experi-available to assess the accuracy of the measurements. Some
mental techniques, that the variance of the measurement®f the solubility values relied on come from references as
for different researchers is equal, and that the error distribu-far back as the 1920’s, and by virtue of appearing in certain
tion is Gaussian. For the 65 duplicate measurements in Tablecompilations®?” these values have been accepted in many
2, the standard deviation can then be estimated using eq 3guantitative structureproperty relationship (QSPR) studies.
As these few molecules appeared as outliers in the regres-
1 N (51,1 — 512)2 sions performed using all 250 structures, it was desirable to
2

3 improve the regressions by eliminating these few outliers
that were possibly erroneous measurements and contributed

f=
N—1
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Table 2. Aqueous Solubility Values for 250 Compouids

HUIBERS AND KATRIZKY

structure name —logS ref —logS ref eq4 resid structure name —logS ref —logS ref eq4 resid
Hydrocarbons

C5
n-pentane 3.27 20 325 22 29%0.35 2-methyl-2-butene 256 27 2.210.35
2-methylbutane 3.18 20 3.18 21 2.940.24 3-methyl-1-butene 273 20 2.130.62
cyclopentane 265 20 2.64 21 2.6860.05 cyclopentene 210 20 1.830.27
1-pentene 268 20 2.08-0.60 1,4-pentadiene 209 20 1.630.46
trans-2-pentene 254 20 2.22-0.32 2-methyl-1,3-butadiene 203 20 1.680.35
2-methyl-1-butene 273 11 2.1+0.62

C6
n-hexane 396 20 3.82 22 3.630.26 2-hexene 3.10 11 2.82-0.28
2-methylpentane 3.79 20 3.82 21 3.590.21 2-methyl-1-pentene 3.03 20 2.720.31
3-methylpentane 3.83 20 3.82 21 3.560.26 4-methyl-1-pentene 324 20 2.710.53
2,2-dimethylbutane 3.67 20 3.61 21 3.550.09 cyclohexene 259 20 2.450.14
2,3-dimethylbutane 361 11 3.66 21 3.480.15 1,4-cyclohexadiene 206 20 1.990.07
cyclohexane 3.19 20 3.25 0.06 1,5-hexadiene 269 20 2-8336
methylcyclopentane 330 20 331 21 3.180.12 2,3-dimethyl-1,3-butadiene 240 27 2.310.09
1-hexene 323 20 3.08 22 2.660.50 benzene 164 20 165 21 215 0.1

c7
n-heptane 453 20 4.65 21 4.160.43 cycloheptane 351 20 3.83 0.32
2-methylhexane 460 21 4.23-0.37 1-heptene 3.73 22 3.370.36
3-methylhexane 458 21 4.16-0.42 trans2-heptene 3.82 20 3.56-0.32
2,2-dimethylpentane 3.67 20 436 21 413 0.12 cycloheptene 316 20 30105
2,3-dimethylpentane 428 21 4.170.11 1-methylcyclohexene 3.27 20 3.090.18
2,4-dimethylpentane 439 20 4.36 21 4.180.20 1,6-heptadiene 334 20 2.780.56
3,3-dimethylpentane 423 21 4.140.09 cycloheptatriene 217 20 116 11 248 0381
methylcyclohexane 385 20 379 21 3.85 0.03 toluene 225 20 222 21 252 0.28

c8
n-octane 5.24 20 5.43 21 4.850.48 propylcyclopentane 474 21 4.440.30
3-methylheptane 5.16 21 4.86-0.36 1-octene 462 20 4.44 22 3.890.64
2,2,4-trimethylpentane 467 20 5.00 21 4.70.07 ethylbenzene 284 20 291 21 3.08 0.20
2,3,4-trimethylpentane 493 21 4.680.25 1,2-dimethylbenzene 278 20 281 21 307 0.27
cyclooctane 415 20 450 0.35 1,3-dimethylbenzene 282 22 290 21 312 0.26
cis-1,2-dimethylcyclohexane 4.27 20 440 0.13 1,4-dimethylbenzene 269 22 283 21 307 031
1,4-dimethylcyclohexane 447 21 4.460.01 4-vinylcyclohexene 334 20 3.16-0.24
1,1,3-trimethylcyclopentane  4.48 21 4.460.08 styrene 254 26 289 0.35

C9
n-nonane 6.02 21 5.49-0.53 isopropylbenzene (2-propyl) 338 20 340 21 357 0.18
4-methyloctane 6.05 21 5.46-0.49 1,2,3-trimethylbenzene 3.26 22 3.62 0.36
2,2,5-trimethylhexane 505 20 5.38 0.33 1,2,4-trimethylbenzene 332 20 337 21 362 0.27
1,1,3-trimethylcyclohexane 485 21 5.02 0.17 1,3,5-trimethylbenzene 3.09 26 3.69 0.60
1,1,4-trimethylcyclohexane 522 11 5.040.18 1-ethyl-2-methylbenzene 321 22 3.65 0.44
1-nonene 5.05 22 4.59-0.46 indan 313 21 3.03 23 331 0.23
n-propylbenzene 334 20 336 22 371 0.36

C10
n-decane 6.98 11 6.12-0.86 tert-butylbenzene 3.60 20 413 0.53
pentylcyclopentane 6.08 21 5.740.34 1-methyl-4-isopropylbenzene 3.76 11 424 0.48
decalin 519 11 531 0.12 1,2,4,5-tetramethylbenzene 384 26 459 21 427 0.05
1-decene 439 11 5.17 0.78 1,2,3,4-tetrahydronaphthalene 3.49 26 391 042
n-butylbenzene 394 20 399 22 426 0.30 naphthalene 357 26 361 23 374 0.15
secbutylbenzene (2-butyl) 3.67 20 420 0.53

Cl1
n-undecane 759 11 6.74-0.85 pentamethylbenzene 3.98 26 482 0.84
2-methyldecalin 6.57 11 5.96-0.61 1-methylnaphthalene 371 23 412 041
n-pentylbenzene 459 22 485 0.26 2-methylnaphthalene 3.77 23 422 045
tert-amylbenzene 415 20 4.15 26 471 0.56

C12
n-dodecane 7.67 11 7.4%0.26 1,4-dimethylnaphthalene 414 23 466 0.52
n-hexylbenzene 520 22 5.48 0.28 1,5-dimethylnaphthalene 468 23 4BR6
biphenyl 435 23 4.46 26 459 0.18 2,3-dimethylnaphthalene 472 23 4002
1-ethylnaphthalene 416 23 4.68 0.52 2,6-dimethylnaphthalene 489 23 40709
2-ethylnaphthalene 429 11 4.69 0.40 acenaphthene 459 23 440 26 4036
1,3-dimethylnaphthalene 429 23 472 043

C13
diphenylmethane 406 26 4.70 10 524 0.86 1,4,5-trimethylnaphthalene 491 23 5.15 0.24
fluorene 493 23 4.82-0.11

Cl4+
phenanthrene 515 23 505 26 527 O.hoctadecarfe 8.08 19 11.21  3.13
anthracene 6.38 23 6.35 26 5.500.87 benzf]anthracene 7.33 26 6.96-0.37
n-hexadecarte 7.80 19 9.95 2.15 bergpyrene 8.22 19 7.74—-0.48
pyrene 6.18 23 6.09 26 6.07~0.07
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structure name

—logSref —logS ref eq4 resid

structure name

—logSref —logS ref eq4 resid

iodomethane 1.00
dichloromethane 0.63
dibromomethane 1.18
diiodomethane 2.35
bromoethane 1.08
iodoethane 1.60
1,1-dichloroethane 1.29
1,2-dichloroethane 1.06
1,2-dibromoethane 1.67
1-chloro-2-fluoroethane 0.51
1-bromo-2-chloroethane 1.32
1,1,1-trichloroethane 2.01
1,1,2-trichloroethane 1.48
1-chloro-1,1-difluoroethane  1.20
1,1,1,2-tetrachloroethane 2.18
1,1,2,2-tetrachloroethane 2.77
1-chloropropane 1.46
2-chloropropane 1.41
1-bromopropane 1.70
2-bromopropane 1.59
1-iodopropane 2.20
2-iodopropane 2.09
1,2-dichloropropane 1.61
1-chlorobutane 2.03
1-bromobutane 2.20
1l-iodobutane 2.94

1-chloro-2-methylpropane 2.00

2-chloro-2-methylpropane 2.13
1-chloropentane 2.73
2-chloropentane 2.63
3-chloropentane 2.63
1-bromohexane 3.81
lindane 4.59
bromobenzene 2.68
chlorobenzene 2.44
fluorobenzene 1.87
iodobenzene 3.11
1,4-dibromobenzene 4.07
1,2-difluorobenzene 2.00
1,3-difluorobenzene 2.00
1,4-difluorobenzene 1.97
1,2-diiodobenzene 4.24
1,3-diiodobenzene 4.57
1,4-diiodobenzerte 5.25
2-bromochlorobenzene 3.19
3-bromochlorobenzene 3.21
4-bromochlorobenzene 3.63
4-bromoiodobenzene 4.56
2-chloroiodobenzene 3.54
3-chloroiodobenzene 3.55
4-chloroiodobenzene 4.03
1-chloroheptane 4.00
1-bromoheptane 4.43
1-iodoheptane 4.81
a-chlorotoluene 2.43
a,o,o-trifluorotoluene 2.51
1-bromo-2-ethylbenzene 3.67

1-bromo-2-isopropylbenzene 4.19

2.16 26 2.16
236 26 2.61

Halogenated Hydrocarbons

C1
1.10 0.10 bromochloromethane
0.620.01 tribromomethane
1.67 0.49 trichloromethane
2.17#0.18 tetrachloromethane

Cc2
1.39 0.31 1,1,2,2-tetrabromoethane
1.90 0.30 pentachloroethane

1.270.02 2-bromo-2-chloro-1,1,1-trifluoroethane 1.70 11
1.08 0.02 1,1,2-trichlorotrifluoroethane
1.97 0.30 1,1,2,2-tetrachlorodifluoroethane

0.51 0.00 hexachloroethane
1.33 0.6i%-1,2-dichloroethene
1.970.04 trans-1,2-dichloroethene
1.67 0.19 trichloroethene
0.530.67 tetrachloroethene

2.62 0.44 tetrafluoroethene

176 27 245 0.18

C3
1.54 0.08 1,3-dichloropropane
1.54 0.13 1,2-dibromopropane
2.01 0.31 1,3-dibromopropane
1.93 0.34 1-bromo-3-chloropropane
2.51 0.31 3-chloropropene
2.47 0.38 3-bromopropene
1.67 0.06

Cc4
0.07 1-bromo-2-methylpropane
0.33 1,1-dichlorobutane
3.16 0.22 4-bromo-1-butene
2.18 0.18 hexachloro-1,3-butadiene
2.20 0.07

C5
2.82 0.09 1-bromopentane
2.84 0.21 1-bromo-3-methylbutane
2.85 0.22

C6
3.87 0.06 1,2-dichlorobenzene
5.19 0.60 1,3-dichlorobenzene
5 2.76 0.10 1,4-dichlorobenzene

2.58 22 2.49.07 1,2-dibromobenzene

1.88 0.01 1,3-dibromobenzene

3.01 22 2.99.07

C6
3.520.55 2-fluorochlorobenzene
1.960.04 3-fluorochlorobenzene
1.850.15 1,2,3-trichlorobenzene
1.8#0.10 1,2,4-trichlorobenzene
3.970.27 1,3,5-trichlorobenzene
4.1080.47 1,2,4-tribromobenzene
3.98—1.27 1,3,5-tribromobenzehe
3.180.01 1,2,3,4-tetrachlorobenzene
3.170.04 1,2,3,5-tetrachlorobenzene
3.150.48 1,2,4,5-tetrachlorobenzene
3.620.94 1,2,4,5-tetrabromobenzéne
3.450.09 pentachlorobenzene
3.410.14 hexachlorobenzene
3.370.66

Cc7
4.08 0.08
453 0.10
5.05 0.24
254 011
1.92-0.59

Cc8
3.68 0.01 1-bromooctane

C9
4.23 0.04

0.89 22 0.91 0.02
191 26 261 0.70
121 26 151 0.30
230 26 293 0.63
273 26 3.96 1.23
264 26 261 27 352 0.90
146.24
3.04 27 20865
3.19 27 —06.08
3.67 27 447 3477 0.70
110 27 144 26 135 0.08
119 27 136 0.17
212 26 198 22 232 0.27
3.04 27 3.31 0.27
160 11 —D.33
1.62 26 102
214 27 2.63 0.49
2.08 27 255 047
185 22 192 0.07
128 27 160 11 223 0.79
150 22 1222
243 26 258 0.15
240 27 251 0.11
225 22 1089
491 11 5.63 0.72
3.08 22 325 0.17
2.88 27 3.16 0.28

301 26 320 24 311 0.01
3.08 26 3.07 24 3.08 0.00
3.28 26 3.68 24-G48

350 5 3,51 0.01
338 5 3.61 0.23

254 22 2.38.16

254 22 2.38.16

417 24 376 5458 0.61

372 5 360 24379 0.13

464 24 444 5 3:+78.76
450 5 4.4®.10
560 5 4.39-1.21

470 5 425 24 452 0.05
479 5 4.87 24 48830
556 5 4.96 24 45868
5.25-1.73
565 5 548 24 53522
6.2D.51

5.06 22 5.15 0.09
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Table 2. (Continued)

HUIBERS AND KATRIZKY

structure name —logS ref —logS ref eq4 resid structure name —logS ref —logS ref eq4 resid
Halogenated Hydrocarbons (continued)
C10+

2-PCB 4.57 24 4,91 0.34 2,3,6-PCB 6.79 6 6.78 0.00
3-PCB 5.16 11 495 -0.21 2,26,6-PCB 7.39 6 6.88 —0.51
2,2-PCB 5.27 6 5.56 0.29 2,3,4,5-PCB 7.14 24 6.79-0.35
2,4-PCB 5.28 6 5.44 0.16 2,3,5,6-PCB 7.32 6 6.94-0.39
2,4-PCB 5.07 10 5.45 0.38 2,3,4-PCB 7.70 19 6.79 —0.91
2,5-PCB 5.06 24 5.26 6 5.50 0.34 344-PCP 8.73 6 6.83 —1.90
2,6-PCB 5.21 24 4.97 6 5.35 0.26 33;3-PCP 8.37 6 6.68 —1.69
3,3-PCB 5.80 6 5.42 —0.38 2,24,5,83-PCB 723 24 7.68 6 7.57 0.11
4,4-PCP 6.79 6 5.44 -135 2,3,45,6-PCB 797 24 7.91 7.38-0.46
2,2,5-PCB 5.70 6 6.15 0.45 2,3,3,4,4-PCB 9.11 24 9.01 6 8.34 —0.72
2,3,5-PCB 6.01 6 6.02 0.02 2,3,3,6,6-PCB 7.78 24 8.12 0.34
2,4,4-PCB 6.34 6 6.01 —-0.33 2,24,4,55-PCB 8.62 6 8.34 —0.28
2,4,5-PCB 6.20 24 6.12 —0.08 2,2,4,4,6,6-PCB 895 24 8.20 6 8.32 —0.26
2,4,6-PCB 6.06 24 6.01 6 6.01-0.02 2,23,3,4,4,6-PCB 8.26 24 9.08 0.82
2,2,3,3-PCB 7.27 6 6.97 —-0.30 2,23,3,5,5,6,6-PCB 9.04 24 9.85 0.81
2,2,4,5-PCB 7.25 24 6.63 —0.62 2,23,3,4,5,5,6,6-PCB 10.41 24 10.53 0.12
2,2,5,5-PCB 6.43 6 6.81 0.38

aThe solubility is tabulated as the negative logarithm of the solubility (molFMalues not used in the calculation of regression (eq 4).

study was calculated by considering all atoms in the molecule
to be spheres with radii equal to the atomic van der Waals
radii. To handle the problem of multiple intersecting spheres,
a rectangular box containing the molecule was divided into
a fine grid of elements in Cartesian coordinates, and the
volume of each element that fell within the van der Waals
radius of one of the atoms was included in the molecular
. volume. This approach can correctly calculate the molecular
. volume for any number of overlapping spheres (Table 3),
with the accuracy determined by the size of the grid
: elementd® For the molecules in this study the molecular
o volume ranged from 52.9 to 2983A
The bonding information contefitis a topological de-
Loos o st scriptor which encodes both the degree of branching and the
. * number of different atom types in the molecule. It is
T A calculated by eq 5, wheids the number of classes of atoms,
nis the number of atomsy is the number of atoms in class
“ : i, andq is the number of edges (bonds) in the structural graph

of the molecule.
1 n; n;
Z— log,{—
log, gq/5n n

The final descriptor, the atomic charge weighted partial
negative surface area (PNSR)is a sum of atomic surface
areas weighted both by the surface charge of the atofy) (
and the partial atomic charg@() for the negatively charged

Figure 1. Scatter plot of the calculated vs literature aqueous surfaces only (eq 6). The atomic area is a solvent accessible
solubility values for 241 hydrocarbons and halogenated hydrocar- grea as calculated by MOPAE,
bons.

Hydrocarbons and Halogenated Hydrocarbons (241 structures)
R2=0.9593 F=1861.47 s2=0.1490 (3 descriptors)

~11.57 .

8.80

Calculated -log(S)

+3.27

(5)

‘5. °BIC = —

11.57
1

Literature -log(S)

PNSA= % (-AQ 6
nothing to the improvement of the model in general. The z( AQ) ©
regression calculated with the remaining 241 structures had  The intercorrelations between the descriptors -a6e69

a significantly improved correlation, with the correlation for My and°BIC, —0.18 for MV and PNSA, and-0.42 for
coefficient ®?) increasing from 0.933 to 0.959 and the og|Cc and PNSA.

standard errord falling from 0.511 to 0.386 log units. The Interpretation of Descriptors. The molecular volume
scatter plot of calculated vs experimental aqueous solubility js clearly the most important descriptor for aqueous solubility,
for eq 4 can be seen in Figure 1. as can be seen by its hightest value (the ratio of the
Calculation of Descriptors. Several methods for the coefficient to the coefficient error). In order for a solute to
calculation of molecular volume are summarized by enter into agueous solution, a cavity must be formed in the
Yalkowsky and Banerjek. The molecular volume for this  solvent for the solute molecule to occupy. Water as a solvent
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Table 3. Descriptor Values for 250 Hydrocarbons and Halogenated Hydrocarbons

structure name MV %BIC PNSA structure name MV %BIC PNSA
Hydrocarbons
C5
n-pentane 95,5253  3.7144 —3.3886  2-methyl-2-butene 90.0233  4.8929 —6.2249
2-methylbutane 96.4419  3.7144 —-3.4161  3-methyl-1-butene 90.5076  4.8929 —8.5291
cyclopentane 85.5575 3.5257 —1.8368 cyclopentene 79.7471 4.6889 —5.8791
1-pentene 90.7837  4.8929 —9.4598 1,4-pentadiene 84.6252  4.4926-—14.8815
trans-2-pentene 90.1433  4.8929 —6.2080  2-methyl-1,3-butadiene 84.2849  4.4926—13.6969
2-methyl-1-butene 90.2794  4.8929 —8.3689
C6
n-hexane 113.4246  4.1493 —2.2615  2-hexene 107.1182  5.3919 —6.4762
2-methylpentane 113.4448  4.1493 -—-3.0474  2-methyl-1-pentene 107.2063  5.3919 —8.3831
3-methylpentane 113.3607  4.1493 —3.5601  4-methyl-1-pentene 107.4462 5.3919 —8.8579
2,2-dimethylbutane 112.9923  4.1493 -—3.5319  cyclohexene 95.5734 51952 —4.7922
2,3-dimethylbutane 1125482  4.1493 —4.4566 1,4-cyclohexadiene 89.8911 5.0699 —9.5368
cyclohexane 101.8841  3.9639 -—0.8278  1,5-hexadiene 101.6200  5.3190—11.6609
methylcyclopentane 102.1679 3.9639 —2.4461  2,3-dimethyl-1,3-butadiene 101.6159 5.3190-12.0518
1-hexene 107.2741 5.3919 -—9.6492 benzene 87.8504 3.3473 —13.2120
Cc7
n-heptane 129.2815 45724 —-3.3878  cycloheptane 118.4947  4.3904 —1.4755
2-methylhexane 130.2774 45724 —2.7708 1-heptene 124.4731 5.8599 —8.1782
3-methylhexane 130.3215  4.5724 —4.2597 trans-2-heptene 124.3891 5.8599 -—5.6061
2,2-dimethylpentane 130.0214 45724 —4.5526  cycloheptene 112.4404  5.6690 —3.9805
2,3-dimethylpentane 130.2135  4.5724 —3.9122 1-methylcyclohexene 112.6922 5.6690 —4.6388
2,4-dimethylpentane 130.1854 45724 —3.7747  1,6-heptadiene 118.6749  5.9800—14.0564
3,3-dimethylpentane 130.2295 45724 —4.5949  cycloheptatriene 100.1073  4.8872 —9.6523
methylcyclohexane 118.6505  4.3904 —1.2507  toluene 105.0931  4.8872 —13.0038
c8
n-octane 147.4000 4.9857 —3.2465 propylcyclopentane 136.4580  4.8068 —2.8458
3-methylheptane 147.1720  4.9857 —4.0957  1-octene 141.7431  6.3068 —10.3430
2,2,4-trimethylpentane 146.9882 4.9857 —4.5431 ethylbenzene 122.2162 5.8345-11.9414
2,3,4-trimethylpentane 147.0521  4.9857 —6.2606 1,2-dimethylbenzene-kylene) 121.5917  5.8345 —11.5833
cyclooctane 135.9902 4.8068 —1.3756  1,3-dimethylbenzenmxylene)  121.7118  5.8345 —10.7182
cis-1,2-dimethylcyclohexane 135.6064  4.8068 —2.8437 1,4-dimethylbenzenp-kylene) 121.9961  5.8345 —11.9780
1,4-dimethylcyclohexane 135.5865 4.8068 —1.6720  4-vinylcyclohexene 124.0410  6.3442 —10.4657
1,1,3-trimethylcyclopentane 136.2302  4.8068 —3.4335  styrene 1155496  4.0000 —19.0612
C9
n-nonane 164.4147 5.3904 —3.2482 isopropylbenzene (2-propyl) 139.0725  6.5921-12.8835
4-methyloctane 164.4867 5.3904 —3.8347 1,2,3-trimethylbenzene 138.0971 6.5921-11.1964
2,2,5-trimethylhexane 164.1507  5.3904 —5.2138  1,2,4-trimethylbenzene 137.9770  6.5921-11.0892
1,1,3-trimethylcyclohexane 152.4572 5.2144 —-3.0935 1,3,5-trimethylbenzene 137.9211 6.5921 —9.5835
1,1,4-trimethylcyclohexane 151.9133 5.2144 -2.2011 1-ethyl-2-methylbenzene 138.6247 6.5921-10.9689
1-nonene 158.3780 6.7381 —8.7236 indan 128.1985  6.2997 —10.1520
n-propylbenzene 139.1165  6.5921 —10.1593
C10
n-decane 181.2692  5.7877 —3.3885 tert-butylbenzene 155.4514  7.2468 —12.6387
pentylcyclopentane 171.2229 5.6143 —3.0838 1-methyl-4-isopropylbenzene 155.4995 7.2468-10.6197
decalin 158.2260 5.4195 —1.4273  1,2,4,5-tetramethylbenzene 154.6920  7.2468-9.3568
1-decene 175.7165  7.1569 —10.2003 1,2,3,4-tetrahydronaphthalene 144.3657 6.9808—-8.8965
n-butylbenzene 156.2910 7.2468 —10.8247 naphthalene 134.0108 4.1995—-17.2143
secbutylbenzene (2-butyl) 155.9433  7.2468 —11.6896
Cl1
n-undecane 197.9002 6.1783 —3.5306 pentamethylbenzene 170.3234  7.8367 —9.0112
2-methyldecalin 175.2046  5.8176 —1.1398 1-methylnaphthalene 152.4571 5.7855-17.5935
n-pentylbenzene 173.4457 7.8367 —10.9212  2-methylnaphthalene 152.4251 5.7855-15.5820
tert-amylbenzene 172.2263  7.8367 —12.6374
C12
n-dodecane 215.2266  6.5631 —3.2836 1,4-dimethylnaphthalene 168.6403 6.8478-15.4746
n-hexylbenzene 190.2683  8.3818 —10.3456 1,5-dimethylnaphthalene 168.7722 6.8478-16.2854
biphenyl 162.8391  4.8344 —21.9849  2,3-dimethylnaphthalene 168.6843  6.8478-14.8512
1-ethylnaphthalene 168.9960 6.8478 —15.4896  2,6-dimethylnaphthalene 169.3319  6.8478-15.3678
2-ethylnaphthalene 169.0041 6.8478 —15.2766  acenaphthene 158.2060  6.4709-14.3777
1,3-dimethylnaphthalene 168.7283 6.8478—14.4060
C13
diphenylmethane 182.2929 6.3946 —18.0721 1,4,5-trimethylnaphthalene 184.4276 7.7183-15.0004
fluorene 171.2029  5.9871 —18.7436
Cl4+
phenanthrene 180.0333  5.0031 —22.3700 n-octadecane 315.7193  8.7751 —3.5308
anthracene 180.0734  5.0031 —18.1587 ben#]anthracene 226.0642  5.7744 —24.8181
n-hexadecane 282.2855  8.0537 —3.3895 bend]pyrene 2428749  5.9076 —23.2103
pyrene 196.8919 5.1446 —20.5790



290 J. Chem. Inf. Comput. Sci., Vol. 38, No. 2, 1998 HuiBERS AND KATRIZKY

Table 3. (Continued)

structure name MV %BIC PNSA structure name MV oBIC PNSA
Halogenated Hydrocarbons
C1
iodomethane 52.8737 3.4274 —3.6877 bromochloromethane 61.0451 4.8048-7.3558

dichloromethane 56.2855 3.8048—13.7905 tribromomethane (bromoform) 82.9085 3.4274 0.0000
dibromomethane 64.7691 3.8048 —0.7919 trichloromethane (chloroform) 70.0552 3.427410.2417
dilodomethane 76.5778 3.8048 —1.2007 tetrachloromethane 84.5290 1.8048-3.1972

Cc2
bromoethane 63.5531 3.7011 —5.7654 1,1,2,2-tetrabromoethane 118.9269 4.2745 0.0000
iodoethane 69.7671 3.7011 —1.2186 pentachloroethane 115.7253 3.7011-8.5441
1,1-dichloroethane 73.5326 4.2745-13.6256 2-bromo-2-chloro-1,1,1-trifluoroethane 94.3971 6.142818.1981
1,2-dichloroethane 73.6887 4.2745-17.2983 1,1,2-trichlorotrifluoroethane 103.9408 4.449116.6306
1,2-dibromoethane 82.2721 4.2745 —-7.5026 1,1,2,2-tetrachlorodifluoroethane 112.4721 4.274512.3363
1-chloro-2-fluoroethane 64.7171 4.9869-17.2168 hexachloroethane 129.6736 2.3119-3.1115
1-bromo-2-chloroethane 77.7383 4.9869-12.3622 cis-1,2-dichloroethene 66.9941 4.0956 —7.3489
1,1,1-trichloroethane 87.2541 4.4491-10.7250 trans1,2-dichloroethene 67.0181 4.0956 —7.1615
1,1,2-trichloroethane 87.6064 4.4491-16.7757 trichloroethene 80.6636 3.7705-1.9627
1-chloro-1,1-difluoroethane 70.0192 5.4304-19.1101 tetrachloroethene 94.2086 2.3729-1.2160
1,1,1,2-tetrachloroethane 101.8801 4.274511.4404 tetrafluoroethene 61.9531 2.3729-13.2875
1,1,2,2-tetrachloroethane 101.3115 4.274514.1924

C3
1-chloropropane 76.1178 4.1083-11.4059 1,3-dichloropropane 90.2633 4.7536-18.8145
2-chloropropane 76.1738 4.1083—-11.3057 1,2-dibromopropane 99.3230 4.7530-6.6435
1-bromopropane 80.7315 4.1083 —6.2752 1,3-dibromopropane 98.7467 4.7530—7.6671
2-bromopropane 80.3114 4.1083 —7.3138 1-bromo-3-chloropropane 94.5091 5.355613.2789
1-iodopropane 86.4137 4.1083 —1.3526 3-chloropropene 107.4021 5.2164-18.7578
2-iodopropane 86.4540 4.1083 —2.2551 3-bromopropene (allyl bromide) 74.8090 4.973210.9821
1,2-dichloropropane 90.6716 4.7530-17.8446

Cc4
1-chlorobutane 93.4325 4.5329-11.7982 1-bromo-2-methylpropane 97.7784 4.5329-7.5265
1-bromobutane 97.7463 4.5329 —6.8387 1,1-dichlorobutane 107.2220 5.2164-13.3573
1-iodobutane 103.5446 4.5329 —1.1313 4-bromo-1-butene 91.9721 5.5986-12.9782
1-chloro-2-methylpropane 93.4727 4.5329-11.5381 hexachloro-1,3-butadiene 150.1745 3.0636-0.1612
2-chloro-2-methylpropane 93.2606 4.5329-11.0256

C5
1-chloropentane 110.2192 4.9559-11.1893 1-bromopentane 114.7652 4.9559-6.6924
2-chloropentane 110.4194 4.9559-10.9505 1-bromo-3-methylbutane 114.4210 4.9559-8.2019
3-chloropentane 110.5115 4.9559-10.7688

C6
1-bromohexane 131.5886 5.3728 —6.8165 3-bromochlorobenzene 119.7111 5.442110.0826
lindane (hexachlorocyclohexane) 186.4664 6.841720.2520 4-bromochlorobenzene 119.7872 5.442110.5334
bromobenzene 106.3697 4.4352-11.6256 4-bromoiodobenzene 129.9654 5.442110.0812
chlorobenzene 101.1917 4.4352-13.4000 2-chloroiodobenzene 125.7734 5.4421-9.7903
fluorobenzene 92.7603 4.4352—17.1424 3-chloroiodobenzene 125.8377 5.442110.5207
iodobenzene 112.2361 4.4352-12.1135 4-chloroiodobenzene 125.5212 5.442111.0579
1,2-dichlorobenzenex) 114.8131 4.8842 -—9.7795 2-fluorochlorobenzene 124.2611 7.060320.9582
1,3-dichlorobenzenat) 114.5328 4.8842 —10.2594 3-fluorochlorobenzene 124.4691 7.060321.0884
1,4-dichlorobenzene) 114.5289 4.8842 —11.6052 1,2,3-trichlorobenzene 141.5507 4.8842-4.1487
1,2-dibromobenzene 124.1290 4.8842-10.0535 1,2,4-trichlorobenzene 127.9620 5.0210-7.0745
1,3-dibromobenzene 124.0929 4.8842—7.9746 1,3,5-trichlorobenzene 127.9701 5.0210-7.3147
1,4-dibromobenzene 123.8567 4.8842—-9.5689 1,2,4-tribromobenzene 141.7669 5.0210-6.9190
1,2-difluorobenzene 98.1826 4.8842-17.9616 1,3,5-tribromobenzene 141.3634 5.02106-6.7790
1,3-difluorobenzene 98.0664 4.8842-19.9594 1,2,3,4-tetrachlorobenzene 141.4908 4.88425.0599
1,4-difluorobenzene 97.9303 4.8842-19.4960 1,2,3,5-tetrachlorobenzene 141.5747 4.88425.1187
1,2-diiodobenzene 135.7422 4.8842-10.9448 1,2,4,5-tetrachlorobenzene 141.5707 4.88424.1473
1,3-diiodobenzene 135.7902 4.8842—8.3419 1,2,4,5-tetrabromobenzene 159.2175 4.88426.0285
1,4-diiodobenzene 135.6183 4.8842-10.5935 pentachlorobenzene 154.8713 4.4352-2.7605
2-bromochlorobenzene 120.1273 5.442%10.2178 hexachlorobenzene 168.0480 3.3473-1.3639

Cc7
1-chloroheptane 144.0339 5.7826-11.3558 a-chlorotoluene 119.2469 6.0002—18.9057
1-bromoheptane 148.6991 5.7826 —6.5328 a,a,a-trifluorotoluene 121.0917 6.8415-—28.2731
1-iodoheptane 154.5520 5.7826 —1.5056

Cc8
1-bromo-2-ethylbenzene 140.0760 6.9592—-9.8622 1-bromooctane 165.8099 6.1855—7.0905

C9
1-bromo-2-isopropylbenzene 157.2106 7.7226—9.9068

C10+

2-PCB 175.7600 5.8712 —21.5136 2,26,6-PCB 217.8731 6.9808 —13.4889
3-PCB 176.2237 5.8712 —21.0297 2,3,4,5-PCB 215.5619 6.9808-13.2686
2,2-PCB 190.5761 6.4303 —18.6780 2,3,5,6-PCB 217.2894 6.9808-11.9768
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Table 3. (Continued)
structure name MV %BIC PNSA structure name MV °BIC PNSA
Halogenated Hydrocarbons (continued)
C10+ (continued)

2,4-PCB 189.0686 6.4303 —19.6737 2,34,4-PCB 215.6658 6.9808 —13.4661
2,4-PCB 188.8688 6.4303 —19.3146 3,34,4-PCB 216.2858 6.9808 —13.1458
2,5-PCB 188.7687 6.4303 —18.3855 3,35,5-PCB 215.9100 6.9808 —15.6621
2,6-PCB 188.3809 6.4303 —20.9131 2,24,5,3-PCB 230.7100 7.0450 —10.7725
3,3-PCB 189.5123 6.4303 —20.4704 2,3,4,5,6-PCB 228.0430 7.0450 —12.1982
4,4-PCB 189.2003 6.4303 —19.8242 2,23,3,4,4-PCB 244.7305 6.9808 —8.0777
2,2,5-PCB 204.1687 6.7826 —17.0172 2,23,3,6,6-PCB 2427716 6.9808 —10.6546
2,3,5-PCB 202.3051 6.7826 —17.8680 2,24,455-PCB 244.1187 6.9808 —7.5567
2,4,4-PCB 202.4332 6.7826 —18.1428 2,24,4,6,6-PCB 244.4065 6.9808 —8.1535
2,4,5-PCB 202.2493 6.7826  —15.9822 2,23,3,4,4,6-PCB 258.0671 6.7826 —6.0467
2,4,6-PCB 202.0055 6.7826  —17.8488 2,23,3,5,5,6,6-PCB 271.3278 6.4303 —4.0201
2,2,3,3-PCB 217.9371 6.9808 —11.8653 2,23,3,4,5,8,6,6-PCB 282.7735 5.8712 —3.3542
2,2,4,5-PCB 215.0143 6.9808 —15.9817 decachloro-PCB 297.7333 4.8344 —1.2059
2,2,55-PCB 217.2537 6.9808 —14.3453 p,p’-DDT 267.2780 10.1786 —19.2229
2,2,5,6-PCB 217.6654 6.9808 —15.1992

Table 4. Coefficients and Statistical Parameters for the Blind Test Regredsions

groups R? F & intercept MV %BIC PNSA
ABC 0.959 1861 0.149 -0.180.11 (4.37£0.07)x 1072 -0.26+ 0.03 0.052t 0.005
AB 0.962 1328 0.144 -0.150.14 (4.41+ 0.09) x 102 -0.27+0.04 0.052+ 0.006
AC 0.955 1122 0.156 -0.04 0.14 (4.31£0.10)x 1072 -0.26+ 0.04 0.053t 0.006
BC 0.960 1260 0.150 -0.26 0.14 (4.38+ 0.09)x 102 -0.254+0.04 0.052+ 0.006

aThe 241 structures were broken into three sets of 80 or 81 structures, called A, B, and C. The three descriptors were molecular volume, bonding
information content (order 0), and the atomic charge weighted partial negative surface area.

would much prefer to interact with itself or other hydrogen  Blind Tests of Descriptors. To further test the ability of
bonding or ionic species than with a nonpolar solute, so therethe three descriptors to predict aqueous solubility, tests were
is an increasing penalty (and thus lower solubility) for larger conducted to determine whether regression models made with
hydrocarbon solutes. Molecular volume is a key term in a subset of the structures would accurately predict the
several different approaches to property prediction, such asaqueous solubility values of the remaining structures. The
linear solvation energy relationships (LSERINd various general applicability of the QSPR approach would be
group contribution methods such as UNIFACIn the established if the aqueous solubility of a large set of
present study, we showed that molecular volume by itself compounds could be accurately predicted, given regressions
predicts solubility by eq 7 to reasonable accuracy, although developed with another, exclusive set of compounds. The

not as well as the three descriptor relationship of eq 4. 241 structures were broken into three sets of 80 or 81
_ — _ structures, regression models were made from two of the
log S, (1.27:+0.12)+ (0.0380+ 0'0008)MV7 sets, and the solubilities of the third set were predicted. These
@) three sets (A, B, and C) contained equal numbers of

R°=0.904, F=2253, s=0.590, N=241 hydrocarbons and halogenated hydrocarbons.

The major problem with molecular volume as the sole ~ S€veral interesting observations can be made of the
descriptor is that it does not account for steric interactions '€9ressions in Table 4. First, the statistical ratings of the
or conformational effects. In this study it also does not 'egressions are all approximately equal, suggesting that the
account for increased solubility due to favorable dipole ~ '€gressions made with any two-thirds of the structure set are

dipole interactions between the halogen atoms and water.0f €qual predictive ability as the regression made with all
The final two terms in the three descriptor regression, the structures. Second, the calculated coefficients of the descrip-

bonding information content and the partial negative surface t0rs for the two group regressions are all within the error
area, specifically correct for these deficiencies of the estimate of the coefficients for the regression made with all

molecular volume. Both of these additional terms serve to Structures, suggesting that the coefficient values are reliable.
decrease— log S, and thus increase solubility. The Finally, when considering the correlation coefficients of the

information content descriptor increases with both unsatura- Prédictions for the blind tests in Table 5, it is apparent that
tion and the number of different atom types and thus the the ability of the regressions made using two-thirds of the
product of the descriptor and its negative coefficient de- st.ruc.tures to predlct the aqueous solubility for_the excllu<_:ied
creases with complexity. The partial negative surface areathird is essentially equal. The average correlation coefficient
term decreases with an increase in atoms with negatively for the blind cases (AB> C, AC— B, BC— A) was equal
charged surfaces. Itis intuitively expected that the presencet© the correlation coefficienR = 0.959) for the regression

of these features would increase the aqueous solubility of acréated using all structures, when used to predict all structures
compound. The PNSA should be directly related to the (ABC = ABC).

hydrogen bond or Lewis basicity of the molecule. Alarger  Another measure of the quality of the regression is the
(in magnitude) value of PNSA should and does lead to a cross-validated correlation coefficien®%,). For each
largersS,. experimental data point, the regression is recalculated with
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Table 5. Correlation Coefficients for Aqueous Solubility Blind (3) Mackay, D.; Shiu, W. Y. A Critical Review of Henry's Law Constants
Test Regressiofs for Chemicals of Environmental Interest. Phys. Chem. Ref. Data
1981, 10, 1175-1199.
groups used  groups groups used  groups (4) Yalkowsky, S. H.; Valvani, S. C. Solubilities and Partitioning. 2.
in regression predicted R? inregression predicted R? Relationships between Aqueous Solubilities, Partition Coefficients, and
ABC ABC 0.959 AB c 0.953 I\E/Ir?lecular Surface Area_s of Rigid Aromatic HydrocarbofisChem.
g. Datal979 24, 127-129.
ABC A 0.949 AC B 0.967 (5) Yalkowsky, S. H.; Orr, R. J.; Valvani, S. C. Solubility and Partitioning.
ABC B 0.967 BC A 0.957 3. The Solubility of Halobenzenes in Watérd. Eng. Chem. Fundam.
ABC c 0.953 1979 18, 351-353.

(6) Dunnivant, F. M.; Elzerman, A. W.; Jurs, P. C.; Hasan, M. N.
a Predictions are made with regressions calculated from subsets of Quantitative StructureProperty Relationships for Aqueous Solubilities
the 241 structure set. and Henry’'s Law Constants of Polychlorinated Biphenisviron.
Sci. Technol1992 26, 1567-1573.
. . . . (7) Amidon, G. L.; Yalkowsky, S. H.; Anik, S. T.; Valvani, S. C. Solubility
the same descriptors but for the data set without this point. of Nonelectrolytes in Polar Solvents. V: Estimation of the Solubility
The obtained regression is used to predict the value of this of Aliphatic Monofunctional Compounds in Water Using a Molecular

; ; i ; ; Surface Area Approachl. Phys. Cheml975 79, 2239-2246.
point, and the set of estimated solubilities calculated in this (8) Kamlet. M. J.: Doherty. R. M. Abraham. M. H.. Carr, P. W. Doherty,

manner is correlated with the experimental solubility vaf§es. R. F.; Taft, R. W. Linear Solvation Energy Relationships. 41. Important
For the best regression (eq &f., = 0.958, as compared to Dif(fje/rfnces _beéwleen S]Aqsﬁouscsr]olzgg%%ellaiiggiizlgoy Aliphatic
_ TP : : : and Aromatic Solutes]. Phys. Che 7 91, .
R? = _0.959, indicating the high quality of the regression (9) Kan, A. T.; Tomson, M. B. UNIFAC Prediction of Aqueous and
equation. Nonaqueous Solubilities of Chemicals with Environmental Interest.
Environ. Sci. Technol1996 30, 1369-1376.
CONCLUSION (10) Bodor, N.; Huang, M.-J. A New Method for the Estimation of the
A quantitative structureproperty relationship approach Aqueous Solubility of Organic Compounds.Pharm. Scil992 81,

; " 954-960.
was used to predict the aqueous solubility of hydrocarbons (11) Nelson, T. M.; Jurs, P. C. Prediction of Aqueous Solubility of Organic

and halogenated hydrocarbons for a diverse set of 241" CompoundsJ. Chem. Inf. Comput. Sc1994 34, 601—609.
compounds. Key to this effort was the attempt to produce (12) Sutter, J. M.; Jurs, P. C. Prediction of Aqueous Solubility for a Diverse

. . . . _ Set of Heteroatom-Containing Organic Compounds Using a Quantita-
regressions with as few descnptors as possible. Prgdmuqns tive Structure-Property Relationshigl. Chem. Inf. Comput. SA296
using just three terms can estimate aqueous solubility with 36, 100-107.

a correlation coefficient of 0.979, having a standard error of (13) Nirmalakhandan, N. N.; Speece, R. E. Prediction of Aqueous Solubility
0.386 | . Mol | | is the k d . of Organic Chemicals Based on Molecular Structiaviron. Sci.
. 0g units. olecular volume iIs the ey eSC”ptor, Technol.1988 22, 328-338.

with corrections using one topological and one electrostatic (14) Kier, L. B.; Hall, L. H.Molecular Connectiity in Chemistry and Drug

i i ili ResearchAcademic Press: New York, 1976.
descriptor to account for features that increase the solubility (15) Kier, L. B. Hall. L. H. Molcular Connectiity in Structure-Actity

of the molecules. This predictive equation compares favor- Analysis Wiley: New York, 1986.
ably with previously developed relations as may be judged (16) Katritzky, A. R.; Lobanov, V.; Karelson, MCODESSA Version 2.0
from Table 1. Thus. in comparison with the first six Users Manugl University of Florida: Gainesville, FL, 1994.

. . . (17) Katritzky, A. R.; Lobanov, V. S.; Karelson, M. QSPR: The Correlation
correlations of Table 1, our equation describes a much larger” * and Quantitative Prediction of Chemical and Physical Properties from

and much more diverse data set. In comparison with the Structure.Chem. Soc. Re 1995 24, 279-287.
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